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Abstract 
 
Electron transfer (ET) through proteins, a fundamental element of many biochemical 
reactions, has been studied intensively in solution. We report the results of electron 
transport (ETp) measurements across proteins, sandwiched between two solid 
electrodes with a long-range goal of understanding in how far protein properties are 
expressed (and can be utilized) in such a configuration. While most such studies to 
date were conducted with one or just a few molecules in the junction, we present the 
high yield, reproducible preparation of large area monolayer junctions of proteins 
from three different families: Azurin (Az), a blue-copper ET protein, 
Bacteriorhodopsin (bR), a membrane protein-chromophore complex with a proton 
pumping function, and Bovine Serum Albumin (BSA). Surprisingly, the current-
voltage (I-V) measurements on such junctions, which are highly reproducible, show 
relatively minor differences between Az and bR, even though the latter lacks a known 
ET function. ETp across both Az and bR is much more efficient than across BSA, but 
also for the latter the currents are still high, and the decay coefficients too low to be 
consistent with coherent tunneling. Rather, inelastic hopping is proposed to dominate 
ETp in these junctions. Other features such as asymmetrical I-V curves and distinct 
behavior of different proteins can be viewed as molecular signatures in the solid-state 
conductance.  
 2
 Introduction 
 
Electron Transfer (ET) is one of the most fundamental processes in biological 
systems(1), crucial for different biological energy conversion processes from 
respiration to photosynthesis, and prominent in diverse metabolic cycles. ET reactions 
are performed by a range of proteins (with specific components that evolved for that 
purpose) in which electron tunneling occurs over long distances (2). While these 
reactions proceed in the proteins, when present in their natural, usually aqueous 
environment, there have been attempts to explore the electronic conductance of 
various proteins in both wet electrochemical and solid-state configurations. Such 
efforts mainly used scanning probe microscopy (Scanning Tunneling Microscope, 
STM, and Conductive-probe Atomic Force Microscope, CP-AFM) (3-12). Attempts 
were also made to integrate proteins into solid-state devices(13-15). In most of these 
studies, device design was dictated by a bio-mimetic approach, namely, proteins were 
expected to conduct current in such metal-protein-metal electrical junctions through 
pathways, similar to those, known to dominate the ET process in solution. According 
to this notion, proteins without redox activity would be expected to behave merely as 
insulators in such electrical junctions. However, in earlier work of ours we found that 
even a protein such as Bacteriorhodopsin (bR), which has an activity known to be 
different from ET, namely proton pumping, is able to mediate electron transport 
(ETp) efficiently, when integrated into a metal-protein-metal solid-state junction. In 
that configuration it was shown to pass currents that are higher than can be predicted 
for a protein of its size (16). Therefore, it is clear that a first step towards designing 
protein-inspired devices is to try to understand which factors dominate the electronic 
conductance of proteins in solid-state junctions. 
To pursue these issues, we set out to design the preparation of solid-state, 
protein monolayer junctions, to carry out reproducible ETp measurements that will 
allow comparative analysis of the results. The strategy for making high-quality 
monolayer junctions is to use, for each protein, as similar a chemical modification of a 
conductive substrate as possible and to allow self-assembly of the proteins on the 
modified surfaces. An additional requirement is to use a non-destructive method for 
making the top electrical contact to the soft biological monolayer. To make this study 
a comparative one, we chose three functionally different protein systems: 1) Azurin 
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(Az), a bacterial type I blue Copper protein. Az is a small soluble protein, serving as 
an electron carrier (17). 2) Bacteriorhodopsin (bR), a membrane protein-chromophore 
complex that functions as a light-induced proton pump, i.e., an electro-active function, 
in the halophilic archea, Halobacterium Salinarum (18). 3) Bovine Serum Albumin 
(BSA), a plasma protein known to bind and transport a range of hydrophilic 
molecules and is readily adsorbed to surfaces. BSA has no known electro-active role 
in its action. As a non-protein reference that can be measured under the same 
conditions, we use a monolayer of long (18 carbons) saturated organic molecules, 
which is expected to behave as a molecular tunneling barrier. 
 
Results  
Protein monolayer preparation  
The preparation of solid-state, protein monolayer junctions is a three-step procedure. 
First a thin silicon oxide (SiOx) layer is grown from an oxidizing solution on an 
etched surface of highly doped (degenerate) Si. We chose Si as substrate because it 
provides a highly reproducible flat surface, and by using highly doped p-Si it serves 
as an electrode with minimal semiconductor-related effects. Next, a short bi-
functional linker molecule is used to form a monolayer, sufficiently dense to control 
the tunneling through it (and not through defects, which would be the case if some 
SiOx surface were inadvertently exposed to the top electrode), and to allow the 
proteins to cover the surface completely. Finally, proteins are adsorbed from aqueous 
solutions/suspensions by immersing the chemically modified substrates in the protein 
solutions for times depending on the type of protein-linker bond that is used for the 
formation of the monolayer. A schematic representation of this process is shown in 
Figure 1. The long organic monolayer was assembled from Octadecyl-
trimethoxysilane molecules (OTMS) on top of the oxidized Si. 
 Three types of linker molecules (all of similar length) were used, viz., a 
propylsilane chain terminated either by an Amine, a Bromide or Thiol group, for 
interaction with the proteins. 
Az was adsorbed to either Br- or SH- terminated surfaces, yielding identical 
results in terms of thickness and morphology of the monolayer, as well as in electrical 
transport characteristics. Az has a disulfide bridge at its surface (on the opposite end 
of the Cu site) which is commonly used as an anchoring unit to Au surfaces. Az 
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molecules were covalently linked to the thiol-terminated surface presumably by 
means of S-S bond formation or by substitution of the Br group, in the case of Br-
terminated surface.  
Bacteriorhodopsin was adsorbed electrostatically on amine-terminated substrates, 
because its vesicles are negatively charged on both sides, with the cytoplasmic side 
being more negative (19). The mixed protein-lipid monolayer formed from native bR 
protein and lipids (20), which underwent vesicle fusion upon adsorption.  
BSA was adsorbed on either of the three types of substrates by immersing the 
substrates in its solution. Because BSA is known to adhere to most surfaces, we 
cannot conclude at this point which group of the protein actually anchors it to each 
surface, but we assume that the BSA aligns with its major axis parallel to the surface 
(see below).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Schematic representation of the protein monolayers assembly process (coordinates 
were taken from Protein Data Bank, PDB, code 1AZU for Az, code 1R2N for bR; BSA model 
was obtained from ModBase). 
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Monolayer surface characterization 
Ellipsometry measurements were carried out on all samples after each 
preparation step, i.e., oxide growth, silane monolayer formation and protein 
monolayer formation. The thickness, deduced from the ellipsometry results, together 
with reported crystallographic dimensions of the proteins and the results of surface 
roughness analysis by Atomic Force Microscopy (AFM) imaging are summarized in 
Table 1. The ellipsometry results help to evaluate if a dense, homogenous monolayer 
was obtained, if used in combination with AFM characterization, as will be explained 
later. The Si oxide layer was 11-12 Å thick, and the silane monolayer 6-7 Å, in all 
samples. Data for the organic and protein layers were analyzed with a Cauchy model. 
Az monolayer thickness was deduced from ellipsometry to be 13-16 Å. This 
value agrees with reported values of Az monolayers, derived from ellipsometry and 
X-ray Photoemission Spectroscopy (XPS). Those values were supported by a 
theoretical model that simulated the thickness of a layer of globular shapes with the 
size of the Az molecules, taking into account the voids that exist between them, if 
adsorbed on a planar surface(21).  
bR monolayer thickness was calculated, from ellipsometry data, to be 75-80 Å, 
significantly higher than the known thickness (~ 50 Å) of the purple membrane 
(which is also the height of the bR protein embedded therein). This difference can 
probably be attributed to the presence a conjugated system (the retinal chromophore) 
bound to the bR protein. Such a conjugated system affects the (optical) ellipsometry 
measurement analysis, which uses the refractive index of the layer. As will be shown 
later, AFM topography rules out the possibility of over-layer formation.  
BSA thickness was 12-14 Å on the NH2-terminated surface, 16-20 Å on the 
Br-terminated surface and 20-22 Å on the SH-terminated surface. BSA dimensions, 
according to models, are 40•40•140 Å, which represents an ellipsoidal shaped (22). 
The measured thickness, within the above-mentioned model of a porous 
macromolecule used for Az, and our AFM characterization, allows us to describe the 
BSA as a barrel-shaped structure, aligned on the surface with its minor axes 
perpendicular to the surface(23). The variation in BSA monolayer thickness on 
substrates with different end groups may result from anchoring by different protein 
groups, which may lead to slight variations in the orientation in which it is adsorbed. 
OTMS thickness by ellipsometry was 22-24Å.  
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Table 1: Surface characterization parameters of the monolayers. 
 
Ellipsometry-derived 
thickness 
(Å) 
Crystallographic/ 
theoretical size 
(normal to surface) (Å) 
RMS roughness, 
from AFM (Å) 
SiOx 11-12 -- 2 
Organo-Silane (NH2, 
Br, SH end groups) 
6-7 7 2.5 
OTMS 22-25 24 -- 
bR 75-80 50 -- 
Az on SH/ Br 13-16 36 4-4.5 
BSA on NH2/ SH/ Br 12-14/ 20-22/ 16-20 40 5.5-6 
 
AFM, performed in the Tapping Mode, which is ideal for imaging soft, solid-
supported layers, served to examine the morphology of the protein monolayers. The 
results also complemented ellipsometry. From AFM imaging, two main features can 
be deduced.  First, the lateral and vertical dimensions of the adsorbed species can be 
obtained from the image itself and from height profiles, respectively. The second 
approach, useful in cases where the proteins are too closely packed to evaluate their 
full height by scanning probe (as is the case of Az and of BSA, see below), is based 
on the RMS roughness of the imaged surface. Figure 2 shows typical AFM height 
images of the three types of monolayers.  
In the Az monolayer, small globular features, covering the surface, are 
observed (Figure 2, left). Such features are not observed on the silane monolayer 
surfaces (Figure 3). The apparent lateral dimension of one globular particle in the 
AFM image is  170-200 Å in diameter, which corresponds to an actual size of ~ 36-50 
Å, taking into account tip-sample convolution (24). The RMS roughness of this 
surface is 4-4.5 Å, which is only slightly higher than that of the silane-modified SiOx 
surface (2.5 Å) and of the bare SiOx surface (2 Å). This indicates that the Az 
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molecules are densely packed, and, therefore, the full height of the protein (36 Å in 
the proposed orientation) cannot be measured. Combined with the ellipsometry data 
we conclude that the Az monolayer is homogeneous and mostly defect-free.  
The bR monolayer is made up of similarly sized fused vesicles that are closely 
spaced on the substrate (Figure 2, middle). The height profile indicates that most 
vesicles are 50-55 Å high, in keeping with the crystallographic data. Surface 
roughness analysis is, therefore, not relevant in this case. This observation supports 
the above-mentioned assumption that the higher ellipsometry-derived height value 
(75-80 Å) is related to the nature of this protein rather than to its structure.  
The BSA monolayer exhibited elongated features with apparent longer 
dimension measured to be ~300-360 Å (Figure 2, left), which translates to 110-160 Å 
after correcting for tip-sample convolution, in keeping with model estimations of the 
protein's long dimension. The full height could not be measured here as well, 
probably for the same reason as for the case of Az. The RMS roughness was 5.5-6 Å, 
higher than that of the Az monolayer. This is reasonable if one takes into account the 
internal changes of height within a single BSA molecule, which are larger than for Az. 
In this case, the AFM image itself provides a good morphological picture of the 
arrangement of the BSA molecules on the surface, and again, in combination with the 
ellipsometry data, indicates a homogenous layer with high coverage of the surface. 
 
 
 
 
 
 
 
Figure 2: AFM images (500nm x 500nm) of Az (left), bR (middle) and BSA (right) monolayers. 
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Figure 3: AFM image (500nm x 500nm) of APTMS (NH2-terminated silane) monolayer. 
 
Electrical transport measurements 
ETp measurements were carried out with either a hanging Mercury drop (25) or a 60 
nm thick “ready-made” Au pad, deposited from water onto the monolayer (LOFO) 
(26), as second electrode/contact. We measured the samples using the two methods 
separately, so as to eliminate possible effects of a specific metal and contacting 
method on the junctions’ transport characteristics. Because similar results were 
obtained with both methods we will refer to the results obtained with the Hg drop top 
contact only, simply because practically it is easier to collect data with this method 
than with the Au one. Still, ETp results for Az and bR, obtained with Au and Hg top 
contacts are shown in Figure 4 (27).  
 
 
 
 
Figure 4: I-V characteristics of Az (left) and bR (right) with the two top contacting methods (soft 
deposition of Au film, LOFO, and hanging mercury drop, Hg). 
 
5 nm
 9
 Figure 5 shows I-V curves of the three different linker monolayers. The 
current magnitudes extracted from these curves will later be used as the initial current, 
entering the protein monolayers that assembled on top of these linker molecules. It is 
evident that for all three linkers, the current at ±1 V bias voltage is on the order of mA. 
The bare SiOx surface behaves more as an Ohmic junction, with current magnitudes 
of ~35 mA at ±1V (Figure 6).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: I-V curves of the organosilane monolayers. Inset: Semi-Log plot of the curves 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: I-V characteristics of the bare SiOx substrate (12Å oxide layer). Inset: Semi-Log plot 
of the curve 
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 Figure 7 presents I-V curves of Az on the SH-terminated substrate, bR on 
NH2-terminated substrate, BSA on NH2-terminated substrate (I-V curves of Az and 
BSA on Br-terminated substrates are shown in Figure 8) and OTMS on SiOx.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: I-V curves of the three protein monolayers and the OTMS organic monolayer. Inset: 
Semi-Log plot of the curves 
 
 
Figure 8: I-V curves of Az on Br-terminated and SH-terminated substrates (left) and of BSA 
on Br-terminated and NH2-terminated substrates (right). 
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Three trends are immediately apparent from these curves. First, currents through bR 
and Az monolayers are of the same magnitude; this is surprising, considering the size 
of bR compared to Az, and more important, bR’s lack of known ET functionality, as 
opposed to Az. Second, currents through Az and bR are on the order of µA at ± 1 V, 
while currents through BSA and OTMS are on the order of tens of nA (28). The third 
issue concerns the shape of the I-V curves. The curves for bR show asymmetry 
towards positive bias while those for Az show asymmetry towards negative bias. The 
asymmetry ratio in both cases is ~2. The I-V curve for just the underlying substrate 
relevant for bR (NH2-terminated substrate) was almost symmetric, while asymmetry 
of Az samples was observed with the two different linkers (Br- and SH-terminated 
substrates), even though these two substrates alone showed opposite asymmetries 
(positive with Br and negative with SH). We, therefore, suggest that the observed 
asymmetry reflects properties of the proteins in the junctions. The following reasons 
strongly indicate that ETp occurs through the proteins and not through other routes in 
the junction: 
• the pronounced difference between current magnitude observed with Az and bR, 
and that with BSA,  
• the difference in ETp between Az and bR on the one hand and OTMS (a much 
shorter barrier), on the other hand  
• the similarity between OTMS and BSA,  notwithstanding the large difference in 
size between them 
• the rough similarity between liquid Hg and “ready-made” Au pad contacts (29)  
• and the much higher currents measured through the linker molecules only.  
On this basis we will now try to provide the reasons for the observed results. 
 
ETp through protein junctions 
 As already noted, currents through Az and bR are of comparable magnitudes. 
Both monolayers attenuate the currents that could pass through the underlying linker 
monolayers, by about three orders of magnitude. This result is surprising, as one could 
naively expect that only an ET protein such as Az will allow efficient ETp in such a 
junction, while bR should, according to this approach, function as a mere insulator. 
Already in our earlier work we noted the remarkably efficient ETp through bR (20), 
but we could not put it in perspective.  This is now possible by comparing bR ETp 
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with that of two other proteins, measured under the same conditions. To quantify the 
ETp differences between the protein systems we will first refer to the protein 
monolayer junctions as simple tunneling junctions, an approach which implies two 
strongly simplifying assumptions:  
1. Current can be described by a simple mono-exponential decay, I = I0 • exp(-
β•l). We can then extract a value for β, the inverse range or tunneling decay 
parameter. To this end we use the currents, measured before assembly of the 
protein monolayers, as I0 values and the protein’s crystallographic size, l, as 
tunneling barrier width. β is an intrinsic property of the junction, a parameter 
into which many processes are lumped together. Extracting a value for it from 
a mono-exponential term is valid only for coherent tunneling, the validity of 
which will be examined later considering an alternative scenario.  
2. Even though the geometrical area is the same for all junctions, the number of 
molecules per unit area is different, because the three described proteins are 
not of the same size. Therefore, the number of molecules, contacted by the top 
electrode and participating in the ETp process is not the same for all protein 
junctions. However, because, at this point, we do not know which path(s) the 
electrons follow in the proteins, we shall refer to these junctions as comprising 
conduction pathways where a single protein may contain several such 
pathways (30). Therefore, we consider current through the geometrical 
surface area of the contact, rather than through a single protein, assuming that 
conduction pathways are closer spaced than the sizes of the proteins used here. 
 
  From this analyses (Table 2), for the OTMS monolayer junction, β = 0.58 Å-1 
was extracted, which falls within the range of decay constants proposed for tunneling 
through non-conjugated organic molecules (31). However, all three protein-containing 
junctions yield β values that are significantly lower, with bR yielding an even lower 
value (0.12Å-1) than Az (0.18Å-1) and BSA giving the highest ETp decay constant 
among the three proteins (0.27Å-1). How can we understand that all three proteins, 
regardless of their functions and possible unique features give such low, <0.3Å-1, β 
values, is a question we will return to later.  
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Table 2: Electrical Transport characteristics of the monolayers 
(In parentheses- the substrate from which I0 was derived). 
 
 I0 (mA) at ± 1 V l (Å) I (nA) β (Å-1) 
OTMS    26 (SiOx)  24 23 0.58 
Az    - 4.43 (SH) 36 -6,500 0.18 
bR       1.85 (NH2) 50 4,140 0.12 
BSA       1.85 (NH2) 40 44 0.27 
 
Discussion 
An important achievement in this study is that the protein monolayers that we 
prepared are homogeneously dense and suitable for electrical transport measurements. 
Indeed, using top electrodes that do not damage the protein monolayers, ETp 
measurements are very reproducible. For all the described monolayers, dozens of 
junctions could be measured on samples from different monolayer preparations, 
without the occurrence of short circuit currents (currents that are dominated by 
pinholes or imperfections in the protein monolayers, see electrical measurement part 
in materials and methods). Therefore, this system can be analyzed reliably trying to 
clarify how the different proteins conduct current. 
By extracting current values observed at a given voltage, and by comparing 
them with those measured through the same junctions without the protein layer, we 
have deduced the average tunneling decay coefficients of the protein junctions. These 
values were not only much smaller than those derived from calculations(32) and from 
(mostly optical) solution ET measurements(33, 34), but also much smaller than values 
that were assigned to proteins or other species, referred to as insulators in solid-state 
junctions (9, 31).We therefore suggest that for ETp, proteins cannot be viewed as 
providing a simple molecular tunneling barrier, in contrast to what works for saturated 
hydrocarbon chains. Still, the two types of proteins that have charge transport as their 
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biological function (bR and Az) are found to be significantly better conductors than 
the electro-inactive protein (BSA).  
Two main models have been proposed to explain ETp in molecular junctions: 
Superexchange, that treats ETp as a coherent tunneling process, mediated by virtual 
states of the molecular bridge (protein in our  case), but electrons do not populate the 
bridge levels (35). This process is characterized by a relatively strong distance decay 
and weak temperature dependence. The second common model is that of inelastic 
charge hopping, where electrons (or holes) travel through the bridge by short 
tunneling steps from one hopping site to the next, in a process that is only weakly 
dependent on distance(36). Possible combinations of the two processes have also been 
proposed(37).  
The decay constants that we observe for ETp through protein, are much lower 
than those that describe tunneling through proteins in solution, where proteins were 
treated as featureless barriers (32, 38), which may indicate that a different mechanism 
is operating in our case.  For ET in solution a marked dependence on the distance 
between donor and acceptor was observed. In the present studies we measured ETp 
across the assumed full length of the proteins. Therefore, a system that is similar but 
spans a range of lengths may allow the resolution of the two above-mentioned 
mechanisms. Demonstration of ET through such a range of distances has been found 
in ET studies through peptides, with lengths ranging from a few to few dozens of Å.  
Studies on peptides are relevant here, because it has been proposed that the 
structure of proteins might have evolved to support long range ET(39). Indeed, from a 
chemical point of view, charged amino acid residues, hydrogen-bonded networks and 
amide bonds that are present along the polypeptide chain, can be considered as 
excellent candidates for hopping sites(40). Experimental studies of ET through 
peptides with varying lengths (41, 42), supported by theoretical work (43), showed 
that for short peptides, higher β values are extracted (~1.4 Å-1) and, for the same type 
of peptides, from a certain length (~20 Å) upwards, a transition into much lower 
decay (β) has been observed (~0.2 Å-1). This suggests that only for the longer peptides 
hopping becomes favorable over superexchange. We can understand this by 
considering that over longer distances direct tunneling becomes less probable and at 
the same time hydrogen-bonded networks span larger parts of the bridge. Thus, the 
number of hopping sites increases, favoring inelastic charge hopping (44). While an 
OTMS monolayer is long enough to be compared to peptides, here hopping is 
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unfavorable because the above-mentioned features of proteins that support hopping 
are absent. Therefore, a stronger decay is observed, suggesting that for such 
molecules there is no alternative to superexchange.  
We propose that an inelastic hopping model may be appropriate for describing 
the behavior of our junctions, and of protein junctions in general.  The advantageous 
ETp via Az and bR over BSA can be explained by the additional factors that may 
control ETp in solid state junctions, such as the redox site in Az, the retinal 
chromophore and/or the electrostatically screened proton channel in bR, and possibly 
the presence of more favorable conduction pathways in both, as part of how the 
design of these proteins evolved for charge transport.  
Finally, we note that the observed asymmetrical transport behavior in both Az 
and bR junctions is uncommon in junctions dominated by coherent tunneling (45), if 
all the potential drops over the interfaces, which usually results in symmetrical curves. 
Substrate-independent asymmetries may suggest that ETp across Az and bR is 
structure- sensitive, so that our monolayer junctions approach can be used to study 
point changes in the proteins.  Among these point changes are the removal as well as 
replacement of Cu with another metal in Az, the removal of the retinal from bR as 
well as its replacement with an analog, and various point mutations for studying the 
effect of specific amino acids; Trp for example, present in Az and bR, is one 
appealing candidate in this sense, considering its role in facilitating ET in proteins (46, 
47). 
      
Conclusions 
 
We have described the highly reproducible preparation of solid-state, protein 
monolayer junctions, with three distinct types of proteins, and demonstrated high-
yield electrical transport measurements on these junctions. Our results clearly show 
that even a system that does not handle ET naturally (bR) can facilitate current flow in 
the solid-state. The charge transporting proteins (Az and bR) seem to provide more 
efficient ETp than a non-charge carrying protein (BSA), which in turn still conducts 
better than a simple saturated organic molecule (OTMS). The ETp across the proteins 
cannot be readily interpreted by the simple coherent tunneling behavior that is 
commonly used for organic monolayer junctions. Sequential inelastic transport seems 
more appropriate for rationalizing our results at this stage, in keeping with previous 
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interpretations of ET through peptide junctions. Our preparation and measurement 
methods can serve as a general platform for studying ETp across proteins in a solid-
state configuration. The remarkable current densities (on the order of mA/cm2) that 
were measured indicate that proteins should not be viewed as insulators, and 
electronic current dependence on one of the protein's functionalities may be pursued 
under these conditions, as a basis for biomolecule-based devices. 
 
Materials and Methods 
Monolayer preparation - Highly-doped (<0.005 ohm•cm) p-type Silicon wafers 
<100> were cleaned by bath- sonication in ethyl acetate/ acetone/ ethanol (2 min. in 
each), followed by 30 min. of piranha treatment (7: 3 V: V of H2SO4: H2O2) at 80º C. 
The wafers were then thoroughly rinsed in Milli-Q (18 MΩ) water, dipped in 2% HF 
solution for 1 min. in order to etch the Si surface (leaving a Si-H surface) and put in 
fresh piranha for 25 min. for controlled growth of the oxide layer. After this step, the 
wafers were thoroughly rinsed in water and dried under a Nitrogen stream. The 
resulting SiOx layers served as a substrate for preparation of three different organo-
silane layers:  
1) 3-Aminopropyltrimethoxysilane (3-APTMS, NH2-terminated linker, 
ALDRICH) monolayer was prepared by immersing the SiOx substrate in 10% V: V 3-
APTMS in methanol for 3 hr., followed by 3 min. bath-sonication in methanol and 
rinsing in water.  
2) 3-Bromopropyl trichlorosilane (3-BPTCS, Br-terminated linker, 
ALDRICH) monolayers were prepared by immersing the SiOx substrate in 10mM 3-
BPTCS in bicyclohexyl (BCH) for 30 sec., followed by 2 min. bath-sonication in 
toluene and rinsing in ethanol.  
3) 3-Mercaptopropyltrimethoxysilane (3-MPTMS, SH-terminated linker, 
FLUKA) monolayers were prepared by immersing the SiOx substrate in 10 mM 3-
MPTMS in bicyclohexyl (in the presence of 5mM DTT), overnight, followed by 2 
min. bath-sonication in acetone and rinsing in ethanol. 
Proteins – Bacteriorhodopsin: a suspension of purple membrane fragments containing 
wild-type bR was prepared by a standard method(48). Membrane vesicles were 
prepared by following the procedure of Kouyama et al.(49). 
Azurin was isolated from Pseudomonas aeruginosa by the method of Ambler and 
Wynn (50). 
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A280/A625 values of the isolated and purified protein were 2.0. 
BSA was prepared by dissolving Fraction V powder (SIGMA) in buffer solution. 
Protein Monolayers  - Bacteriorhodopsin monolayers were prepared by immersing 
the NH2-terminated substrates in bR vesicle suspension for 15 min. followed by 
transferring the sample to water and keeping it for three hr. to allow vesicle fusion. 
After taking the substrates out they were gently rinsed in water and dried under a fine 
Nitrogen stream.  
Azurin monolayers were prepared by immersing the SH- and Br-terminated substrates 
in 1mg/ml solution of Azurin in 50 mM Ammonium Acetate (NH4Ac) buffer, pH 4.6, 
for three hr. followed by rinsing in clean 50mM NH4Ac buffer and finally in H2O, 
followed by drying under a fine Nitrogen stream.  
BSA monolayers were prepared by immersing the NH2-, Br and SH-terminated 
substrates in 1mg/ml solution of BSA in 20 mM phosphate buffer, pH 7, for two hr. 
followed by rinsing in clean 20 mM phosphate buffer and finally in H2O, followed by 
drying under a fine Nitrogen stream.   
Back contacts - before the electrical transport measurements, the back side of all 
samples was scratched with a diamond pen and In-Ga eutectic was applied to the back 
of the sample. The samples were mounted on a conducting sample holder. 
Top metal electrode deposition- Au pads (60 nm-thick, 0.5 mm diameter) were 
evaporated on clean glass slides. The pads were lifted off the glass slide by immersing 
them in 2% HF solution and then dipping in H2O, to allow the pads to float on the 
water surface. Samples were dipped into the water and pulled out until a pad was 
deposited on the surface. After depositing several pads on each sample, the sample 
was left to dry overnight in ambient conditions. During the measurements these 
contacts were contacted by a 35 µm-wide Au wire that was attached to a W probe, 
mounted on a micromanipulator. The approach of the Au wire to the Au contact was 
monitored by an optical microscope.  
 Hg drop top contacts were applied by placing a Hg drop (99.9999% purity) on 
the monolayer, using a controlled growth hanging mercury drop (HMD) electrode 
apparatus (Polish Academy of Sciences, Poland). The samples were mounted on a 
conducting sample holder, whose position was controlled by a micromanipulator.  
The approach of the sample towards a fresh Hg drop was monitored by an optical 
microscope and CCD camera.  
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The geometrical contact areas of the Au and Hg contacts were 0.002 cm2 and 
0.002±0.0005 cm2, respectively. 
Electrical measurements- I-V curves were measured on samples from at least three 
different preparations. In each preparation at least two separate samples (of each type) 
were measured. The Hg drop was used to contact 10 points on each sample, which 
was 8 mm • 12 mm in size. Before and after the measurement of each sample, and 
after every few spots on the sample, the Hg drop was used to measure a reference 
sample. Current-Voltage (I-V) characteristics that are shown are the average of at 
least 60 different junctions, on three different sample preparations for each type of 
protein. The standard error of this averaging is less than 10%. Short circuit junctions 
were observed in less than 5% of the measurements (more details can be found in 
supporting information). Before and after the measurement of each sample, and after 
every few spots on the sample, the Hg drop was used to measure a reference sample 
(usually a linker monolayer that corresponded to the linker type, used with the protein 
that was measured), in order to make sure that the drop did not interact with the 
proteins in the monolayer and was not affected by the measurements. If the reference 
measurement changed, the drop was replaced with a new one (and the last 
measurement was discarded). Curves were recorded by applying bias on the top metal 
contact and sweeping it from 0 V to -1 V, than to 1 V and back to 0 V, in order to 
avoid electrical load of the junction with the beginning of the voltage sweep. The 
curves that are shown are the -1 V to 1 V part of the voltage scan. Current-Voltage (I-
V) characteristics that are shown are the average of at least 60 different junctions, on 
three different sample preparations for each type of protein. The standard error of this 
averaging is less than 10%. Short circuit junctions were observed in less than 5% of 
the measurements, i.e., only this fraction of junctions had characteristics, typical of 
samples without proteins, or of bare SiOx, which could be interpreted as pinholes in 
the monolayer that allowed complete penetration of the top contact into the layers 
underlying the protein monolayer. Such reproducibility is encouraging, considering 
the large area monolayers of relatively flexible species such as proteins. 
Instruments- Ellipsometry measurements were performed with a Woollam M-2000V 
multiple wavelength ellipsometer at an angle of incidence of 70º. 
AFM Imaging was performed in the Tapping Mode, using a Nanoscope V Multimode 
AFM (Veeco, USA) and standard Si probes for AC mode AFM (OMCL-AC240TS-
W2, Olympus, Japan).    
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Current-Voltage (I-V) measurements were performed using a Keithley 6430 Sub-
Femtoamp Source-Meter, with a voltage scan rate of 20mV/sec. 
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